We present thermal 24 µm observations from the Spitzer Space Telescope of 62
INTRODUCTION
Residing in the outer main belt at a distance of ≃ 4.04 AU in the first-order Jupiter J3:2 mean resonance is an asteroid population with an unknown origin, the Hilda asteroid group (Gradie et al. 1989) . Early dynamical models suggested that the Hilda group originated field asteroids which were captured in gravitational resonances as Jupiter migrated in a sunward direction (e.g., Franklin et al. 2004) . In contrast, more expansive models designed to explain the origins of a wide variety of outer solar system small bodies families, the 'Nice Model' (Levison et al. 2009 ) argues that delivery of proto-Kuiper Belt planetesimals into stable inner solar system orbits, such as exhibited by the Hilda asteroid group, occurred populating the dynamical families observed at the present epoch. Though the Nice Model favors migration from the Kuiper Belt, observational evidence of such small body migration is tentative at best. Could the Hilda group asteroids be the remnant population arising from the purported migration effects detailed in the Nice Model or are the antecedents field asteroids? Answers to this question have a direct bearing on the efficiency of early solar system dynamical processes outlined in the Nice model.
A detailed analysis of the colors and albedos of the Hilda population yields clues to their origin and can substantiate outcomes described by the Nice formalism. Large (diameters > ∼ 10 km) Hilda asteriods have a range of V − R color magnitude, 0.38 to 0.49 (Dahlgren et al. 1998) , which is similar to those colors of comets (Hainaut & Delsanti 2002) .
In particular ecliptic comets (ECs) span the same narrow range of V − R (Lamy & Toth 2009 ) as the Hildas, and are thought to have originated as outer solar system Centaurs which were subsequently scattered into the inner solar system due to gravitational interactions with Jupiter. C-type asteroids in the outer asteroid belt also inhabit this range of color space. However, the V − R colors of smaller Hildas show greater spectral diversity (Gil-Hutton & Brunini 2008) commensurate with the colors of both C-and X-asteroid taxonomic type as well as some Kuiper Belt objects (Gulbis et al. 2006 ).
The geometric albedos of large Hilda group asteroids from Ryan & Woodward (2010) are commensurate with the albedo range for ECs (Lamy et al. 2004 ) and other icy bodies such as main belt comets (Hsieh et al. 2009 ). The albedo segregation of cold classical Kuiper Belt objects (KBOs) and hot classical KBOs is argued to indicate differing origins of these two populations (Brucker et al. 2009) . If a Nice model-like migration occurred and the small Hilda group asteroids did indeed originate in the proto-Kuiper Belt, we expect that the albedos of these objects would be commensurate with the albedos of the low inclination, cold classical KBOs.
Here, we present an analysis of the albedo and diameter of Hilda family asteroids extracted from the NASA Spitzer (Werner et al. 2004 ) infrared (IR) archival database, cross referenced with extant optical photometry. In §2, generation of the asteroid survey sample is presented, §3 outlines our thermal model analysis of the photometry, §4 discusses the outcomes of our analysis, including an estimate of the size-frequency distribution inferred from the Hilda asteroid group sample and whether the Hilda group are indeed a migrant population, while concluding remarks are summarized in §5. We used the MOPEX (Makovoz & Marleau 2005) program to obtain photometry on all 14 BCDs in an image data stack utilizing point-spread function (PSF) photometry while subtracting the median background, and then averaged fluxes and calculated errors.
ARCHIVAL ANALYSIS
Photometry reported in Table 1 is the average of the 14 BCDs in the stack. Uncertainties reported in Table 1 include the photometric fitting errors reported from MOPEX and the absolute calibration uncertainty of the 24 µm channel of order 2% (Engelbracht et al. 2007) added in quadrature.
THERMAL MODELS
To determine the diameters and albedos of the Hilda group asteroid in our sample, we have utilized both the Standard Thermal Model (STM; Lebofsky & Spencer 1989 ) and the Near Earth Asteroid Thermal Model (NEATM; Harris 1998). The STM and the NEATM both rely upon a basic radiometric method to determine the diameter and albedo of an asteroid (for details see Ryan & Woodward 2010) . Both models assume balance between incident radiation and emitted radiation, where the emitted radiation has two components; 
However, asteroids do not maintain one single body temperature, T(K), rather there is a temperature distribution across the surface which is then radiometrically observed in the mid-IR. The STM and the NEATM utilize two different assumed temperature distributions to model the total IR flux, which then yields the geometric albedo. The temperature distributions invoked by each model are expressed as:
and
where the temperature, T is in Kelvin, A is the geometric Bond albedo, S ⊙ is the solar constant (W m −2 ), r h is the heliocentric distance (AU), ǫ is the emissivity of the object which is assumed to be 0.9, an appropriate value for rock (Morrison 1973) , σ is the Stefan-Boltzmann constant, Ω is the angular distance from the sub-solar point on the asteroid, η is the beaming parameter, φ is the latitude, and θ is longitude of the coordinate grid superposed on the asteroid.
In the NEATM temperature distribution, η, the beaming parameter is utilized as a varying parameter to characterize both shape and thermal inertia. In an ideal case where an asteroid is a perfect sphere with zero inertia, η = 1.0. Only one thermal (24 µm) photometric measurement is available from the Hilda asteroid group measurements (Table 1) ; therefore, NEATM was run with a fixed beaming parameter of η = 0.91. This value of η was selected by averaging the value of η for 23 large Hilda group asteroids observed by IRAS and/or MSX derived by Ryan & Woodward (2010) . In addition we adopted a phase slope parameter (G) of 0.15 for the purposes of modeling the PID 40819 asteroid 24 µm photometry. To compute the geometric albedo and thus the temperature distribution on the illuminated face of the asteroid, one must anchor solutions with optical radiometric measurements. We utilized absolute magnitudes (H) from the Minor Planet Center 1 (MPC) for this purpose.
All albedo and diameter solutions reported in Table 2 are derived from Monte Carlo modeling. A 500 data point distribution was created for each object observation such that the mean flux was equal to the 24 µm flux measured by MOPEX and the standard deviation of the distribution was equivalent to the uncertainties in the flux measurement. These flux points were then used in conjunction the known orbital parameters and the absolute magnitude (H) to produce albedo and diameter fitting results. Due to the wide width of the 24 µm channel, a color correction is also required to accurately fit the albedo and diameter.
Our implementation of STM and NEATM applies the color corrections iteratively, such that a color correction is applied with each refinement of the albedo (Ryan & Woodward 2010) . Instead of using the subsolar temperature for the color correction, we calculate the mean of the temperature distribution for the application of the color correction, as described in Ryan & Woodward (2010) . With the STM, albedos were computed over the range of color corrections varying the temperatures from 70 to 300 K, to examine the fidelity of our approach as our color correction methodology differs from other described in the literature (e.g., Brucker et al. 2009; Stansberry et al. 2007 ). The albedo deviations over the latter temperature range of color corrections were < ∼ 2% indicating that uncertainties in the derived albedo from color corrections are low compared to the uncertainties in the photometry. The albedos and diameters listed in Table 2 , are the mean of the 500 Monte
Carlo solutions for each asteroid. The standard deviation of these solutions is taken to be the statistical uncertainty (±) in the results listed in Table 2 .
RESULT & DISCUSSION
The distinct differences between the albedo distribution of Hilda asteroid group in the IRAS database (Ryan & Woodward 2010) as opposed to those observed in the MIPS 24 µm survey is clearly illustrated in Fig. 1 . The mean NEATM geometric albedo of Hildas derived from IRAS photometry is p V = 0.04 ± 0.01 whereas, the mean NEATM albedo for asteroids from Spitzer MIPS photometry is p V = 0.07 ± 0.05. These two albedo distributions appear similar; however, the distribution for the small asteroids (D < ∼ 12 km) exhibits a high albedo tail which is not seen in the large (D > 12 km) asteroid population. Table 2 ). The
Spearman rank-order coefficient (Spearman r s ) is commonly defined as
which assess the statistical dependence between two variables assuming that the relationship can be described by a monotonic function. The r s for the complete, aggregate Hilda asteroid group data set (total population sample n = 85) is −0.69 which corresponds to a probability of non-correlation between diameter and albedo of 3.94 × 10 −13 . The correlation is significant to the 6.3 σ level. Using only the smaller Hilda population from the Spitzer MIPS data (n = 62), rs = −0.76 and the probability of non-correlation is 4.54 × 10 −13 with a correlation significance of 5.97 σ. Whether or not the correlation between albedo and diameter may be described by a monotonic trend may be influenced by the optical survey completeness. However, we assert that the optical detection bias is not the cause of the derived albedo increase at small diameters as elucidated in § 4.1. 
Effects of Completeness
There are two possible sources of completeness that affect the interpretation of the albedo vs. diameter relationship derived from the Hilda asteroid sample, IR completeness and optical completeness. The asteroids in the Hilda sample (Table 1) The optical completeness for the Hilda asteroid group and the photometric uncertainty associated with the optical data may also bias the derived results. To assess the completeness of asteroid surveys, we assume that they are complete to a V magnitude of 21.5, commensurate with the completeness limits of the Sloan Digital Sky Survey (Ivezić et al. 2001) , the Sub-Kilometer Asteroid Diameter Survey (Gladman et al. 2009 ),
and Spacewatch (Larsen et al. 2007) . Assuming that an asteroid will be detected at opposition by one of a number of surveys, the relation m V = H + 5log[r h (r h − 1)], can be used to estimate completeness, where we substituting the mean aphelion distance of 4.79 AU derived from the orbital parameters of 3509 known Hilda group asteriods for the heliocentric distance, r h . We find that optical surveys must be complete to at least H= 15.21 magnitude. Only two objects in Table 1, 2004 TP256 and 2001 UY149, are at this completeness limit or a fainter limit; therefore, our Hilda sample is not dominated by the effects of optical completeness. The albedo and albedo uncertainties in Table 2 are derived solely from the uncertainties in the mid-IR photometry and do not include uncertainties in the H magnitudes. A ±0.1 magnitude uncertainty in H results in a ≃ 10% variation in the value calculated albedo. Thus, the marked change in slope of albedo-diameter relation evident in Figs. 2 and 3 is likely significant and not an artifact related to sample size or optical completeness effects as the variation is a > ∼ 10% deviation from the derived mean geometric albedo.
Selection of NEATM Beaming Parameter
The selection of a fixed value for η in NEATM may introduce a systematic uncertainty in the derived values for the albedo and diameter. In particular, a linear relation between η and the phase angle has been noted by Delbo et al. (2007) and Wolters et al. (2008) within the Near Earth Asteroid (NEA) population. As the IRAS and Spitzer Hilda asteroid samples used in our analysis contain a range of phase angles between 11
• and 18
• , no adjustment to the mean beaming parameter, η = 0.91 (see § 3) was used nor needed.
The selection of a mean beaming parameter may introduce some error to the fitted albedo and diameter values for these objects. The mean beaming parameter of the large Hilda population is η = 0.91; however, the standard deviation of the beaming parameter for this asteroid population is = 0.14. Though this variation is smaller than the standard deviation for the main belt as a whole (where the standard deviation of η ∼ 0.27), this variation can introduce errors in the albedo and diameter calculations presented in § 3. To characterize the range of uncertainty we re-analyzed our photometry from Table 1 IRAS. An increase in the beaming parameter would correspond to an increased thermal inertia, which to first order is an inverse function asteroid diameter resulting trend for the Hildas that is self-consistent with that derived for the main belt and Near Earth Asteroid by Delbo & Tanga (2009) . However, an increase in thermal inertia would require that small Hilda asteroids retain less regolith than large Hildas, which has not yet been observed via mid-infrared spectroscopic surveys. Studies of similar primitive type objects such as small Trojan asteroids (Fernandez et al. 2009 ) and comet nuclei at 4-5 AU (Fernandez et al. 2008 ) have derived beaming parameters near the value of η = 0.91 indicating that the value used in our study of Hildas is appropriate for primitive outer solar system objects.
The Size-Frequency Distribution
The size-frequency distribution of the Hilda asteroids can be inspected to determine if the group is in collision equilibrium. The modeling of Dohnanyi (1969) indicates that an asteroid population is in collisional equilibrium if the cumulative size-frequency distribution is near a diameter slope of −2.5.
We derived a best-fit relationship between albedo and diameter using a second-order polynomial of the form
to determine if the Hildas are in collisional equilibrium, as the relationship appears to be an inverse function of diameter (Figs. 2, 3 ). For all asteroid diameters < ∼ 4 km, which are beyond the completeness limit of our sample, p V is held fixed at a value of 0.2. The albedo function described by Eqn. 4 was used in conjunction with H magnitudes of all known
Hildas to derive a size-frequency distribution, Fig. 6 . To illustrate the effect of using an alternative albedo function, we also plot a cumulative size-frequency distribution in Fig. 6 assuming all Hilda group asteroids regardless of diameter have a mean geometric albedo of 0.04.
Functionally the two size-frequency distributions appear similar at large diameters, and each both appear to break at diameters, D < ∼ 10 km. The cumulative size-frequency distribution calculated with our albedo function can be described by a broken power law of the form N i = β × D(km) α with two components. For large Hilda group asteroids with D > 12 km, β = 94317 ± 3395 and α = −(2.00 ± 0.02) while for the smaller population, 5 < D(km) < 12, β = 2696 ± 189, α = −(0.37 ± 0.08). The value of α = −2.00 for the larger Hilda asteroid group population strongly suggests that they are in near-collisional equilibrium (Dohnanyi 1969) . However, there are less smaller Hilda asteroids observed than expected for such a system. If the cumulative number distribution for diameters > 12 km was continuous, one would predict a total number of 3775 Hildas with diameters > 5 km, rather than the 1334 Hildas observed with diameters > 5 km.
An explanation for the decrement of small Hilda group asteroids in the size-frequency distribution illustrated in Fig. 6 is a lack of optical completeness. However, the optical data is complete to H ≃ 15 magnitude, corresponding to a diameter of at least 6.6 km (assuming an albedo of 0.04). The inversion in the size-frequency distribution begins near D ≃ 10 km, far before this small diameter break point. An alternative interpretation is that the shallow slope at small diameters traces the depletion of small objects from the Hildas. Models by Gil-Hutton & Brunini (2000) suggest that collisions within the Hilda asteroid group population from scattered objects originating in the Uranus-Neptune zone could produce a large number of asteroid fragments with relative velocities high enough to escape the resonance. Thus, the decrement of small Hilda group asteroids could be explained via an intense collisional period, such as occurred in the late Heavy Bombardment epoch in the early solar system followed by a long period of low collisional activity. The age estimate of 4 Gyr for the Hilda family (Broz & Vokrouhlicky 2008) , a dynamical subgroup of the Hilda asteroid group (see § 4.4) lends credence to the later hypothesis.
A lower limit to the total Hilda asteroid group mass can be derived by integrating over the differential size distribution, n(r)dr, assuming an average bulk density, ρ dr (6 km ≤ r ≤ 90 km)
and n 2 (r)dr = 772 × 1 km r 1.37±0.08 dr (2.5 km ≤ r ≤ 6 km)
where r is the asteroid radius. The lower limit of Hilda asteroid group mass is therefore, (7) where n 1 and n 2 are from Eqns 5 and 6, ρ ave Hilda = 2300 kg m −3 is the bulk density, and r c is the radius, 12.5 km, at which the two differential size distributions are equal. We find that M T ≈ 4 × 10 19 kg ≈ 6 × 10 −6 M Earth , equivalent to a 165 km radius sphere having the same density which would be approximately twice as large as 153 Hilda.
Origins
The observed albedo variations that seem diameter dependent likely is indicative of the Hilda asteroid group origins and evolutionary processes. Variation in the relative degree of metamorphism within the parent body population arising from differences in the extent of internal melting, caused by the radioactive decay nucleotides such as 26 Al or diameters > 10 km and thus we do not expect to see such a clear trend of albedo with diameter as evident in our results. We also do not expect a thermally modified parent body in the region of the Hilda group as the models of Grimm & McSween (1993) indicate that a sufficent quantity of 26 Al necessary to cause internal melt would not be accreted in planetesimal bodies of all sizes formed at heliocentric distances 3.4 AU.
The discovery of distinct dynamical families within the Hilda group by Broz & Vokrouhlicky (2008) necessitates examination of whether or not variations in albedo observed in our sample (Table 2) Alternatively, the albedo-diameter relation may instead be indicative of the influence of collisional processes within Hilda asteroid group. With increased age and thus increased ion irradiation exposure, surfaces with organic compositions redden and the geometric albedo is reduced (Andronico et al. 1987; Moroz et al. 2004) . This is the reported cause for the albedo-diameter relation for small Trojan asteroids (Fernandez et al. 2009 ).
Evidence of the space weathering reddening effect is observed for Hildas in the optical (Dahlgren & Lagerkvist 1995) , where a trend towards D-type asteroids is apparent with decreasing diameter for asteroids with D > 20 km. It is however problematic to infer a connection between albedo and the potential for space weathering for small diameter objects as the small Hilda asteroids seen in Gil-Hutton & Brunini (2008) display a significant range of spectral slopes and thus taxonomic types in the range 12 < H < 16. This spectral range is characteristic of the C-, D-, and X-taxonomic types as derived by Bus & Binzel (2002) and the range of small Hilda group asteroid albedos corresponds with the range in albedos for these taxonomic types as derived in Ryan & Woodward (2010) . of the Hilda population can be populated by bodies which originated in the Kuiper Belt and were subsequently transported into the inner solar system via giant planet migration.
Our Hilda asteroid group sample contains 6 asteroids with p V > 0.1, an albedo range characteristic of cold classical KBOs and higher than the albedo range for standard D-and C-type asteroids. Furthermore, number counts derived from the 24 µm MIPS mid-IR fluxes above the 5 σ detection threshold imply that up to 11% of the small Hilda asteroid group population is contaminated with objects that may have originated within the Kuiper Belt.
CONCLUSIONS
We have measured the 24 µm thermal emission from 62 small Hilda group asteroids obtained by Spitzer MIPS instrument and have combined this archival data set with H magnitudes to calculate effective diameters and albedos. Our object sample spans a range of diameters from 3 to 12 km which is significantly smaller than the D > 30 km Hilda group asteroids for which albedos and diameters are available from IRAS observations Ryan & Woodward (2010) . Based on our analysis of the MIPS photometry, we conclude:
The measured mean albedo of our small Hilda asteroid sample is p V = 0.07 ± 0.05.
This albedo is higher than the mean albedo of large Hildas which is found to be p V = 0.04 ± 0.01 by Ryan & Woodward (2010) and the small Hilda asteroids exhibit greater albedo diversity than the larger members of the same dynamical population.
The geometric albedo increases with decreasing diameter for Hildas with diameters in the 4 to 12 km range. The correlation is significant to a 5.97 σ and addition of large Hilda asteroids from IRAS observations (Ryan & Woodward 2010) increases the significance of this correlation to 6.3 σ. Though this trend could be considered to be a result of collisional processes and a tracer of space weathering, the spectral diversity of the Hilda asteroid group complicates this interpretation and colors and/or taxonomic determinations for objects in this sample are required before any firm statements can be made regarding a collisional processing and space weathering link.
The power-law slope of the Hilda asteroid group size-frequency distribution breaks at ≃ 12.5 km when the albedo-diameter relation for Hilda asteroids is applied. This break is found to not be an observational bias in optical surveys, but rather a real signature wherein only ∼ 30% of asteroids with 5 km diameters predicted from the size frequency distribution above 15 km are observed. Given the low collisional probabilities within the Hilda asteroid group as a whole (Dell'Oro et al. 2001) , it is unlikely that this depletion is due strictly to resonance and is more likely the result of early depletion of the small Hilda population such as a period of intense cometary bombardment as suggested by Gil-Hutton & Brunini (2000) or bombardment from Kuiper Belt planetesimals as suggested by Levison et al. (2008) . As ∼10% of our Hilda asteroid group sample contains asteroids with albedos commensurate with the albedos of cold classical Kuiper Belt objects, searches for Kuiper Belt contaminants within the outer solar system should include taxonomic classification and spectroscopic follow up of these asteroid targets.
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